Proton-ligand formation constants of isatin-3-thiosemicarbazone (HIT) ; N-acetylisatin-3-thiosemicarbazone (HAIT) and 5-(p-nitrobenzoyl)-1,2,4-triazino [5,6-b]indole-3-thione (HBITr) ligands and their corresponding metal-ligand formation constants with Mn 2+ , Fe 3+ , Co 2+ , Ni 2+ , Cu 2+ , Zn 2+ , Cd 2+ , UO 2 2+ and Th 4+ ions were determined pH-metrically at 10, 20, 30 and 40 ºC in 75 %(v/v) ethanol-water. The thermodynamic parameters (DG, DH and DS) were also evaluated. It was found that both log K 1 and -DH 1 , for HIT and HAIT-complexes are somewhat larger than log K 2 and -DH 2 , indicating a change in the dentate character of these ligands from tridentate (ONN-donors) in 1:1 chelates to bidentate (ON-donors) in 1:2; M:L chelates. In contrast, the values of log K 2 and -DH 2 for HBITr-complexes are somewhat larger than log K 1 and -DH 1 , indicating a strong trans-effect for the second coordination. The dissociation process is non-spontaneous, endothermic and entropically unfavourable while the complexation process is spontaneous, exothermic and entropically favourable. The thermodynamic parameters were separated into their electrostatic (el) and non-electrostatic (non) constituents.
INTRODUCTION
The antifungal activities of thiosemicarbazones and their corresponding metal chelates is substitution dependent with the chemical nature of the segment attached to the thione (C=S) carbon atom having the greatest effect. [1] [2] [3] [4] [5] [6] Similarly, substitution in the ring system of Schiff bases derived from compounds containing carbonyl (C=O) groups attached to N-heterocyclic ring systems, thiosemicarbazides and their corresponding metal chelates highly affects the biological activity of these compounds. 1 In this study, three different Schiff bases derived from isatin and thiosemicarbazide were used (Scheme 1). Isatins possess diverse biological activities. 2 Sulphur-containing substituted hydrazones also possess a wide spectrum of biological acitivites, [3] [4] [5] [6] and, in many cases, coordination of these compounds to a transition metal ion enhances their activities. 6 These findings stimulated our interest to study the effects of temperature, nature of the central metal ion, medium and structure of the ligands on the stability of Schiff base complexes derived from isatin and thiosemicarbazide; isatin-3-thiosemicarbazone (HIT), N-acetylisatin-3-thiosemicarbazone (HAIT) and 5-(p-nitrobenzoyl)-1,2,4-triazino [5,6-b] indole-3-thione (HBITr). 1 H NMR of HIT, HAIT and HBITr ligands in DMSO, d TMS Scheme 1.
EXPERIMENTAL
All chemicals, metal salts and solvents were either Aldrich or BDH products.
Analyses and physical measurements
Electronic spectra were recorded at room temperature on Jasco V.550 UV/Vis spectrophotometer. IR spectra, as KBr discs, were recorded on a Perkin-Elmer 437 IR spectrometer (200 -4000 cm -1 ). 1 H-NMR spectra in DMSO-d 6 were recorded on a Varian FT -290.90 MHz spectrometer using TMS as an internal standard. Mass spectra were recorded at 70 eV and 300 ºC on a Hewlett Packard MS 5988 Mass spectrometer. Microanalyses for carbon, hydrogen, nitrogen and sulphur were carried out at the Microanalytical Centers, Cairo and Ain Shams Universities, Cairo, Egypt.
Potentiometric measurements
Appropriate ues were recorded on a WTW-D-8120 Weilheim digital pH-meter fitted with a combined glass-calomel electrode with an accuracy of ±0.01 units. The ionic strength of the medium was kept virtually constant at 0.05 M with KNO 3 as background electrolyte. The temperature was maintained constant by use of double-jacketed cells with water circulated from a constant-temperature bath. Purified nitrogen gas was bubbled through the solution before and during the titrations. Multiple titrations were carried out for each system. The pH-meter readings were corrected. 7 
Preparation and characterization of the organic ligands
HIT, HAIT and HBITr ligands (Scheme 1) were prepared according to the method cited in the literature. 8, 9 The structures of the ligands were elucidated by IR, mass, 1 H-NMR and electronic (UV-Vis) spectroscopy, as well as microanalytical analyses. The results of the elemental analyses, % yield, m.p. ºC, and colour are given in Table I . The mass spectra showed molecular ion peaks at m/z: 220, 262 and 351 corresponding to the molecular weights of the HIT, HAIT and HBITr ligands, respectively. Also, the base peaks were observed at m/z: 69, 192 and 65, respectively. In all mass spectra, no meta-stable ions were observed.
The electronic absorption spectra (UV-Vis) of the organic ligands in 75 % (v/v) ethanol-water displayed three bands: (i) l 1 (361.5 -355 nm) is associated with intramolecular charge transfer interaction involving the whole molecule; (ii) l 2 (268 -281.5 nm) is due to the low energy n-p* transitions of the carbonyl, thione and azomethine groups and (iii) l 3 (247.5-251.5 nm) can be ascribed to the moderate energy p-p* transitions of both the aromatic and indole rings.
The IR spectra of the three ligands, HIT, HAIT and HBITr, showed strong bands at 1703, 1680 and 1695 cm -1 , respectively, belonging to n(C=O). Also, a medium band at 1250 cm -1 belongs to n(C=S) in the case of HIT and HAIT and a strong band at 1265 cm -1 in the case of HBITr. All ligands showed broad bands at 3160-3170 cm -1 ascribed to n(NH). In addition, the IR spectra showed two bands at 3410 and 3330 cm -1 ascribed to n as and n s of the NH 2 group in the case of the HIT and HAIT ligands. In the case of the HBITr ligand, the bands at 1532 and 1310 cm -1 belong to n as and n s of the NO 2 group. 10 Finally, the chemical shift (d ppm) data extracted from the 1 H-NMR spectra of the organic ligands in DMSO-d 6 are summarized in Scheme 1. These data together with the data derived from the elemental analyses, IR, mass and electronic spectra confirmed the structure given for these ligands.
RESULTS AND DISCUSSION

Dissociation and formation constants
The potentiometric titration curves of HAIT-as an example-in the presence or absence of the studied metal ions are shown in Fig. 1 . Similar curves were also obtained in the case of the HIT and HBITr ligands. The values of the dissociation constants of the free ligands, pK H s, were determined by the Albert -Serjeant method, 11 while the formation constants of their metal complexes were determined by the Irving-Rossotti method. 12 For all ligands, only one proton dissociates between a = 0.0 and a = 1.0 (a = number of moles of base / mole of ligand), suggesting that they behave as mono-protic species (HL). The values of the pK H s, formation constants, as well as the thermodynamic parameters in 75 % ethanol-water are given in Tables II-IV. The pK H values suggest that the proton dissociates from the NH group adjacent to the thione (C=S) group rather than from the NH proton of the isatin moiety in position-1, which may dissociate at higher pH values. However, similar conclusion for similar ligands was obtained by Hassan et al. 13, 14 The pK H value obtained for HIT, 9.55, in 75 % (v/v) ethanol-water at 30 ºC is close to that reported in the literature 13 for the same ligand under similar experimental conditions (ca. 9.30 in 60 % ethanol-water, corrected for the difference in the mole fraction of the solvent). The order of basicity, pK H s, is as follows; HIT > HAIT > HBITr. The increase in acidity or decrease in the basicity is due to the electron-withdrawing property (-I-effect) of the acetyl and p-nitrobenzoyl groups of the HAIT and HBITr ligands, respectively.
The pH-metric titration curves in the case of Cu(II) showed a sharp inflection at m = 1.0 (m = number of moles of KOH added / mole of metal ion) corresponding to the formation of the 1:1 CuL + complex. This could be represented by the following equilibrium:
Such a feature was not observed with the other metal cations, where there was only one overlapping buffer region between m = 0.0 and m = 2.0 corresponding to the formation of bis-chelate ML 2 complexes. This could be represented by the equilibrium:
It should be mentioned that only log K 1 was calculated for Mn(II), Zn(II), and Cd(II)-complexes due to precipitation of the metal hydroxide and since the maximum n < 1.0.
As can be seen from Tables II-IV, the higher stability of the Fe(III) and Th(IV)-complexes is attributed to the higher charge on the these metal cations and on the basis of their higher ionization potential. Also, the higher stability of the UO 2 (II)-complexes may be due to the bonded O-atoms, which increase the electrostatic attraction between the metal ion and the coordinated ligands and overcome any steric hindrance offered by the oxygen of the oxygenated UO 2 2+ cation. 15 The greater stability of the Cu(II)-complexes, 3d 9 , is to be expected on the basis of the well-known Jahn-Teller effect. The order of the stability constants of the ligands is HIT > HAIT > HBITr which is the same as the order of basicity (pK H s). The variation of log K 1 vs. pK H is shown in Fig. 2 , where a linear relation was obtained. This linearity reflects the similarity of the ionic nature of the metal-ligand interaction. 16 Inspection of the data (Tables II-IV) reveals that log K 1 for HIT and HAIT -complexes is somewhat larger than log K 2 . This is due to the fact that the interaction of a second bulky ligand molecule is usually weaker than the first ligand, i.e., the ML 2 (1:2) species is not formed until complete formation of the ML (1:1) species. This can be ascribed to: (i) the increase in the Lewis acidity of the free metal ion (M +n ) as compared to the 1:1 chelated ion (ML +n-1 ) and (ii) the steric hindrance caused by the addition of a second bulky ligand molecule on the ML +n-1 chelated ion. However, this is compatible with the values of DH for the HIT and HAIT-complexes, where -DH 1 > -DH 2 , indicating a strong steric hindrance for the second coordination.
In contrast, the values of log K 2 are somewhat larger than log K 1 for the HBITr
complexes. This indicates a strong trans-effect for the second coordination. 17 This trans-effect was also supported by the thermodynamic data given in Table IV , where it was found that -DH 2 > -DH 1 for the HBITr-complexes which is related to the bond strengths in these complexes.
Effect of temperature
The dissociation constants of the ligands (pK H s), as well as the stability constants of their complexes with Mn 2+ , Fe 3+ , Co 2+ , Ni 2+ , Cu 2+ , Zn 2 +, Cd 2+ , UO 2 2+ and Th 4+ ions in 75 % (v/v) ethanol/water were evaluated at 10, 20, 30 and 40 ºC. The slope of the plot (pK H or log K vs. 1/T) was utilized to calculate the enthalpy change (DH) for the dissociation or complexation process, respectively. From the free energy change (DG) and the enthalpy change (DH), the entropy change (DS) can be calculated using the well-known relationships:
and
The data given in Tables II-IV reveal that: (i) The pK H values of the free ligands decrease with increasing temperature indicating that the acidity of the ligands increases with increasing temperature, i.e., a higher temperature favours the dissociation or ionization process. (ii) On the basis of (i), a positive value of DH would be expected indicating that the dis- The negative values of both DG and DH of the complexation process indicate that the complexation process proceeds spontaneously and exothermically, respectively, i.e., the complex formation is enthalpically favourable. In general, the abnormal higher positive values of DS for all the complex systems are consistent with the hypothesis that a large number of water molecules are released upon complexation with the probability of a change of the coordination number. 18 This was supported by the values of DH, where it was found that -DH 1 > -DH 2 for the HIT and HAIT-complexes (Tables II, III ). The lower negative values of DH 2 were taken as good evidence for a change in the dentate characters of the HIT and HAIT ligands from tridentate (ONN-donors) in the 1:1 complexes to bidentate (ON-donors) in the 1:2, M:L, complexes, whereby the steric hindrance in the 1:2 species is relieved. Similar observations were obtained by Evans et al. 19 In contrast, -DH 2 > -DH 1 for the HBITr-complexes which is taken as an additional evidence for the trans-effect 17 of the second coordination as mentioned previously.
The higher values of the thermodynamic functions for the Cu(II)-complexes is attributed to the 3d 9 -configuration of Cu(II) which undergoes Jahn-Teller distortion. On the other hand, the lower values for the Mn(II)-complexes may be attributed to the 3d 5 -configuration of Mn(II) which probably exists as tetrahedral [Mn(OH 2 ) 4 ] 2+ in aqueous solutions. 20 In order to provide information on the nature of the bonding in the formed complexes, the values of DG, DH and DS were separated into their electrostatic (el) and non-electrostatic (non) components 21 (Table V) according to the following equations:
Where q is a temperature characteristic of the solvent (= 219 K); M is the number of moles contained in 1000 g of water (= 55.5); c and a are constants and can be calculated from the above equations.
ISATIN-3-THIOSEMICARBAZONE COMPLEXATION
According to some authors, 22,23 electrostatic (el) or environment components represent long-range electrostatic forces depending on the environment and temperature; while non-electrostatic (non) or cratic components represent short-range or quantum-mechanical forces; insensitive to the environment and independent of temperature. Also, DH non arises from changes in the ligand field stabilization (LFS) accompanying complex formation 22, 23 and reflects the covalency in the bonding and the structural changes on complexation. 24 As seen from Table V, DH non has high negative values while DH el has positive values and, since DH non reflects the covalent nature of the formed complexes, 25 the expected degree of covalency exists in such systems. Also, -DG el >> -DG non for all complex systems except for the Zn(II)-HIT and Mn(II), Ni(II) and UO 2 (II)-HBITr complexes, indicating that the complexation process is highly influenced by the temperature and environment (medium).
Regarding the covalency, a softer metal ion has a greater affinity for a softer donor. 26 In Fig. 3 , the values of DH non are plotted against the quantity E # n , introduced by Klopman 27 as a measure of the softness of a metal ion in solution. A soft metal ion is characterized by a large negative value of E # n and vice versa. As can be seen from Fig.  3 , a linear correlation with a number of scattered points (for the Zn(II) and Cd(II)-complexes) was obtained. In general, DH non increases with the softness of the metal ion.
The metal-ligand interactions can be divided into two groups; (i) those of copper, nickel and cobalt which have high affinities for N-donor atoms and (ii) those of manganese, zinc and cadmium with intermediate affinities for both N and O-donor atoms. 28 This is consistent with the above linear correlation with some scattered points (Fig. 3) .
In conclusion, the following remarks can be indicated: (i) All ligands behave as monobasic (monoprotic) species (HL) towards the metal ions as evidenced from the titration curves. (ii) The maximum n values were found to be » 2, revealing that both ML and ML 2 species are formed in solution. (iii) For the HIT and HAIT complexes, log K 1 > log K 2 indicating that the vacant sites of the metal ions are more freely available for the binding of the first ligand than for the second one. (iv) More stable complexes, will be formed with:
-hard-hard or soft-soft interactions of the metal ions and the ligands.
-higher charges and small sizes of the metal ions.
-higher basicity of the ligands.
-lower temperatures. This is consistent with exothermic complexation. (v) The dissociation process is non-spontaneous, endothermic and entropically unfavourable while the complexation (chelation) process is spontaneous, exothermic and entropically favourable. i Th 4+ jonima u sme{i 75 % etanol -voda na 10, 20, 30 i 40 ºC. Izvedeni su i odgovaraju}i termodinami~ki parametri (DG, DH i DS). Na|eno je da su i log K1 i -DH1 za HIT i HAIT komplekse ne{to ve}i od log K 2 i -DH 2 , ukazuju}i na promenu u dentatnom karakteru ovih liganada od tridentata (ONN-donori) u 1:1 helatima u bidentate (ON-donori) u 1:2; M:L helatima. Nasuprot ovome, vrednosti log K 2 i -DH 2 za HBITr komplekse su ne{to ve}e od log K 1 i -DH 1 ukazuju}i na jak trans-efekat za drugu koordinaciju. Proces disocijacije nije spontan, endoterman je i entropijski nepovoqan, dok je proces kompleksirawa spontan, egzoterman i entropijski povoqan. Termodinami~ki parametri su razdeqeni na wihove elektrostati~ke i neelektrostati~ke komponente.
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